Protozoa1 encephalomyelitis was diagnosed in a 3-day-old calf that was stunted, weak, and recumbent. Grossly, the calf had contracted tendons in the forelegs, a slightly domed skull, a porencephalic cyst in the cerebellum, ulcerative esophagitis, and abomasitis. Histologically, there was a multifocal nonsuppurative encephalomyelitis with clusters of protozoa1 tachyzoites and numerous protozoa1 cysts. The porencephalic cyst and gastrointestinal lesions appeared to be unrelated to the protozoa1 infection and were suggestive of a concurrent bovine virus diarrhea infection. A few groups of protozoa1 tachyzoites and numerous tissue cysts were found in neuropile, particularily in neurons of the spinal cord. By light microscopy, smaller tissue cysts were found in the brain (majority from 14 to 20 pm) than in the spinal cord (majority from 20 to 48 pm). The cyst walls ranged in thickness from < 1 pm to a maximum of 2 pm wide. Bradyzoites contained PAS-positive slender bradyzoites (5-8 x 1-2 µm). Tissue cysts reacted positively to anti-Neospora caninum sera; but unlike N. caninum, they were positive to 2 of 4 antisera against Toxoplasma gondii and to antisera to H. hammondi.
lated. Little else is known about these organisms, including their biological and ultrastructural characteristics, host range, and life cycle. Until additional information is gained on the biology and structure of this group of protozoa, it is not possible to determine whether they are N. caninum or possibly a different species within a larger group of newly recognized protozoal organisms.
Most of the information reported from cattle regarding this group of Apicomplexa has been from retrospective studies in which the tissues were often in poor postmortem condition, and only a few organs were examined. The purpose of this study was to 1) describe in detail the lesions in a 3-day-old calf diagnosed with protozoa1 encephalomyelitis; 2) characterize the agent by immunohistochemistry, using antisera to N. caninum, T. gondii, and Hammondia hammondi; and 3) describe in detail the ultrastructure of this agent and compare it with T. gondii and other related coccidian parasites.
Materials and methods

Necropsy.
A moribund 3-day-old Holstein calf was submitted alive to the California Veterinary Diagnostic Laboratory System (CVDLS) at Davis, California. Blood was collected prior to chemical euthanasia, a and a complete necropsy 39 was performed. Tissue samples from multiple organs, including brain, spinal cord, and eyes, were placed in 10% neutral buffered formalin for 24 hr. Fixed tissues were trimmed and embedded in paraffin using routine procedures, and 5-pm sections were stained with hematoxylin and eosin (HE) for histologic examination. Selected sections of brain and spinal cord were stained with periodic acid-Schiff (PAS) reaction. Samples of brain from a Swiss-Webster mouse infected 6 mo earlier with the ME-49 strain of T. gondii were similarly processed for light microscopy. Parasites were measured by light microscopy using an ocular micrometer.
Bacteriology and virology. Liver, lung, spleen, and brain were cultured on blood agar and MacConkey's agar at 37 C in 7.5% CO, for 48 hr. Joint fluid was inoculated onto Mycoplasma N agar and broth and cultured for 7-9 days. A pool of visceral organs, gastrointestinal tract, and ethylenediaminetetraacetic acid blood were cultured for viruses using methods previously described. 2 Impression smears of the kidney were examined by direct Transmission electron microscopy (TEM). For TEM, 1 -mlthick sections of formalin-fixed calf spinal cord and fresh unfixed brain from a Swiss-Webster mouse inoculated 6 mo previously with T. gondii strain ME-49 were placed in 2% (w/v) glutaraldehyde in cacodylate buffer, pH 7.4, for 24 hr. Tissues were postfixed in 1% (w/v) osmium tetroxide in Zetterquist buffer and treated with 1% tannic acid in maleate buffer, pH 6.0, for 1 hr. The blocks were stained with 1.5% (w/v) uranyl acetate overnight, dehydrated through a series of alcohol solutions, and embedded in araldite. d One-micrometer-thick sections were stained with toluidine blue. Thin sections (90 nm) were cut with an ultramicrotome e and placed on wide mesh grids for TEM. f Nine tissue cysts were examined from the calf spinal cord, and 3 T. gondii cysts were examined from mouse brain.
Immunohistochemistry. Five-micrometer paraffin sections of spinal cord were adhered to polylysine-treated glass slides, deparaffinized in xylene, rehydrated, and incubated for 10 min with 3% hydrogen peroxide in methanol. Sections were digested in 0.1% trypsin g at 37 C (pH 7.8) for 30 min, washed in phosphate buffered saline (PBS) (pH 7.4), and incubated with 20% normal goat serum (blocking serum) for 30 min at room temperature. An avidin-biotin complex (ABC) immunoperoxidase procedure h was performed at room temperature. 31 All primary antibodies were from rabbits and were incubated for 1 hr. Four (Nos. l-4) different primary polyclonal antisera against T. gondii were utilized. Sera Nos. l-3 were prepared against whole organisms and No. 4 against killed tachyzoite lysate. 4 Number 1 antisera i was applied as supplied by the manufacturer, No. 2 j at a 1:200 dilution, No. 3 19 at a 1:500 dilution, and No. 4 k antisera at a 1:400 dilution.
Polyclonal antisera against N. caninum 19 was applied at a 1: 1,000 dilution, and antisera to H. hammondi 19 was used at a 1:100 dilution. Slides were then incubated for 30 min with biotinylated goat anti-rabbit IgG, h washed with PBS, the ABC reagent h was applied for 30 min, and aminoethylcarbazole 1 (AEC) added for 8 min. The sections were counterstained with Mayer's hematoxylin m and coverslipped with aqueous mounting media. Mouse brain infected with cysts and spleen infected with tachyzoites of the ME-49 strain of T. gondii, k mouse muscle infected with H. hammondi, and tachyzoites of N. caninum from infected dog liver served as positive controls. 19 Negative controls included the use of preimmunized rabbit sera (from a rabbit used to produce T. gondii antisera No. 4), k deletion of the primary antibody, and sections of Sarcocystis cruzi-infected bovine tissue.
Results
Clinical signs and postmortem examination. The calf was small in size (estimated at 18 kg), recumbent, and lethargic. The front fetlocks were firmly fixed in a contracted position, and there was a slight doming of the skull. Muscles on both forelimbs were small in size, and there was a slight excess of carpal joint fluid. There were several small red linear erosions and ulcerations on the mucosa of the anterior esophagus and focal hemorrhage beneath the mucosa. Throughout the abomasal mucosa there were small (1-2 mm) red round foci. On 1 side of the caudal cerebellar cortex there was a small (10-12 mm) thin-walled cystic space. There was a slight lateral deviation to the cervical vertebral column. Light microscopy. Salient findings were limited to the gastrointestinal tract and the central nervous system. There were small foci of mucosal erosion and ulceration in the esophagus accompanied by mixed leukocytic infiltrates, edema, and fibrin deposits in the underlying lamina propria. In the muscular-is, there was a large focus of hemorrhage, fibrin deposition, fibroplasia with myofiber necrosis, and mineralization. In the forestomachs there were focal superficial epithelial infiltrates of neutrophils and macrophages. The basilar epithelium was hyperplastic. In the superficial abomasal mucosa, there were scattered infiltrates of neutrophils, macrophages, and lymphocytes.
Bacteriology, virology, and
The cerebellar cortical cystic space corresponded to a single cystic pocket extending parallel to the cortical surface in the white matter and internal granular layer. Throughout the brain, there were random focal perivascular cuffs of lymphocytes and plasma cells, with focal microgliosis. Four clusters of protozoa1 tachyzoites were found within 2 larger foci of cellular infil- Figure 2 . Photomicrograph of spinal cord gray matter from the same calf at a higher magnification to show a large thick-walled cyst containing numerous bradyzoites lying in the cytoplasm of a large neuron. The upper inset is a T. gondii cyst from an infected mouse brain (same magnification). The cyst wall is very thin and difficult to discern. The lower inset is a small thinner-walled cyst from the brain of the calf (same magnification). It demonstrates the variability in size and nature of tissue cysts in this calf. HE stain. Bar = 10 µm.
tration. In gray matter of the spinal cord, there were foci of gliosis with perivascular lymphoplasma cell infiltrates. Twenty-seven round to ellipsoidal tissue cysts were found, the majority of which were 20-48 µm in diameter with cyst walls l-2 µm thick, located in the cytoplasm of large neurons (Figs. 1,2) . The cysts contained long slender bradyzoites averaging 6.9 x 1.5 µm (range of 5-8 x 1-2 pm) in size ( Fig. 2) . Bradyzoites contained PAS-positive granules. Ten round or elliptically shaped protozoa1 cysts, the majority of which were 14-20 µm in diameter, were located randomly throughout the brain (Fig. 2 , inset). These cysts had distinct refractile cyst walls.
Compared with the calf protozoan, T. gondii cysts from mouse brain ranged from 14 to 49 µm in diameter, with thinner cysts walls all < 1 µm thick. Bradyzoites were tightly packed in the cysts and could not be measured by light microscopy. (Fig. 2, inset) .
Transmission electron microscopy. Eight of the 9 cysts from the calf spinal cord were within the cytoplasm of large neurons. The tissue cyst walls were 0.53-3.09 µm thick (Figs. 3, 4 ). Cyst walls from the largest cysts were 0.53-1.69 µm thick, whereas smaller cyst walls were thicker, suggesting the smaller cysts were oblique cuts at the edge of larger cysts. The cyst walls had an outer membrane complex and an inner broad layer of membrane-bound vesicles and granules with vesicles at the periphery and smaller dense granules along the inner aspect (Fig. 4) . The outer membrane complex consisted of a single complete membrane (primary cyst wall) with 1 or 2 incomplete outer membranes that were continuous with neuronal endoplas-mic reticulum (Fig. 4) . The primary cyst wall had tubular invaginations that extended into the broader vesiculogranular layer. These tubular invaginations were similar in diameter and appearance to the membrane-bound vesicles in the cyst wall vesiculogranular layer (20-40 nm in diameter). There were also occasional larger membrane-bound vesicles (up to 90 nm in size) and randomly sized electron-dense granular deposits within the vesiculogranular layer of the cyst wall ( Fig. 4) .
Compared with the calf protozoan, T. gondii tissue cysts had thin cyst walls (0.2-0.4 µm thick, n = 2). The cyst wall had a single outer membrane (primary cyst wall), with a narrow inner granular layer of small membrane-bound electron-dense granules (Fig. 5 ). The primary cyst wall had frequent tubular invaginations and an associated electron-dense matrix (Fig. 5) . Toxoplasma gondii bradyzoites were packed tightly with a dense granular ground substance between them. There were aggregates of electron-dense filamentous or tubular lattices beneath the cyst walls in the cyst ground substance (Fig. 5) .
Bradyzoites in tissue cysts from the calf spinal cord were loosely dispersed in a light granular ground substance containing tubulovesicular structures and infrequent electron-dense deposits. The tubulovesicles were approximately the same diameter (40-130 nm) as the large vesicles in the cyst wall. They tended to cluster around groups of bradyzoites and were closely associated with the outer pellicle of bradyzoites, suggesting a possible communication with the bradyzoite membrane (Fig. 6) . The bradyzoites were long, slender, and The cyst lies in the cytoplasm of a neuron. Note the thick cyst wall and loosely dispersed bradyzoites. Bar = 5 µm.
had the general features of Apicomplexa (Fig. 6 ), including 22 subpellicular microtubules, a conoid polar ring, 5-10 rhoptries, 1 or 2 long tubular cristate mitochondria, a supranuclear golgi complex, numerous electron-lucent amylopectin granules, rough endoplasmic reticulum, and several vesicles. The nucleus was terminal and posterior. There were numerous micronemes (greater than 140 counted in a bradyzoite).
At the anterior of the zoite, micronemes were often arranged in orderly rows perpendicular to the pellicle (Fig. 6 ). The micronemes extended to the posterior, but the majority were located anteriorly. Bradyzoites also had multiple round vesicles that contained a mixture of smaller vesicles and short flat membrane profiles (Fig. 6 ). Occasional single large double-membraned vesicles were seen at the anterior end of bradyzoites. In 2 bradyzoites, vesicles were found at the anterior end that were continuous with the bradyzoite inner pellicular membrane (Fig. 6, inset) . Micropores were not found. Based on nearly complete longitudinal sections and cross sections, the zoites (n = 450) were 5.9 µm (n = 14) long and 1.4 µm (n = 85) wide (range of 5.5-7.0 x 1.0-2.0 µm).
Bradyzoites of T. gondii were shorter and broader: 4.4 µm (n = 5) x 1.7 µm (n = 59) (3.9-4.7 x 1.5-2.1 µm). They had 5-10 rhoptries, fewer micronemes that were randomly arranged, and micropores. Bradyzoite vesicles were infrequent and there were no vesicles similar to those described for the calf parasite.
Immunohistochemistry. The immunoperoxidase results are listed in Table 1 . Tissue cysts in the calf spinal cord stained positive with N. caninum antisera, with T. gondii antisera Nos. 3 and 4, and with the H. hammondi antisera but showed no significant reaction to the remaining T. gondii antisera. Neospora caninum tachyzoites stained positive only with N. caninum an- Figure 5 . Electron micrograph of the wall of a T. gondii cyst from an infected mouse brain. Compared with the cyst wall from the bovine parasite, there is only 1 membrane, the primary cyst wall membrane (large arrow), which has numerous tubular invaginations (small arrow) into the inner granular layer. There is electron-dense material associated with these tubular invaginations and granules contain similar material. The granular layer and the entire cyst wall is thinner than the cyst wall in Fig. 4 . There is a large, dense deposit with a latticelike arrangement (arrowhead) beneath the cyst wall, adjacent to a bradyzoite (b). Small arrowhead = inner extent of cyst wall. Bar = 0.2 µm. tisera. Toxoplasma gondii-infected tissue (antigen) reacted positively to all of the antisera.
Discussion
The morphology of this bovine parasite closely resembles descriptions of N. caninum tissue cysts in the dog 29 and related N. caninum-like organisms. 3, 11, 13, 16, 24 The parasite is distinct from other known genera of cyst-forming coccidia. The presence of nonseptate cysts rules out Sarcocystis and Frenkelia. 8, 25 The absence of host nuclei in cyst walls or enigmatic bodies in zoites and the cyst wall morphology is atypical of a Besnoitia species . 26, 27 Cyst-forming Isospora and Caryospora can be ruled out because their tissue cysts contain only 1 bradyzoite. 6, 8 Finally, comparing the ultrastructure of tissue cysts from this calf with T. gondii, H. hammondi, and N. caninum, several characteristics differed from the former 2 protozoa and closely resembled N. caninum. These included the presence of a thicker cyst wall with morphologic features resembling N. caninum 29 ( Figs. 1-4) , the lack of small tubular structures along the inner aspect of the cyst walls, as reported for T. gondii, and the absence of bradyzoite micropores. 15, 20, 29 Additionally, the prominent orientation of anterior micronemes perpendicular to the bradyzoite pellicle (Fig. 6) is a distinct feature reported for N. caninum tachyzoites and for bradyzoites of N. caninum-like organisms. 3, 11, 29 The bovine parasite also had larger numbers of micronemes compared with T. gondii. 27 The number of bradyzoite rhoptries was indistinguishable from T. gondii, which concurs with a recent description of N. caninum bradyzoites. 29 The parasite in the calf reacted positively to polyclonal antisera against N. caninum but also reacted with selected antisera to T. gondii and H. hammondi, unlike the N. caninum-infected control tissue (Table  1) . Barring some antigenic variability due to different parasite tissue stages (bradyzoites in the calf versus tachyzoites in the N. caninum-infected dog tissues) or the host species infected, these results suggest that the Table 1 . Immunohistochemistry results of protozoan-infected tissue sections, using polyclonal antisera against specific protozoa1 organisms. calf protozoan is similar but antigenically distinct from N. caninum. The weak positive reaction between T. gondii organisms and antisera to N. caninum also demonstrates some antigenic cross-reactivity between N. caninum and T. gondii. Serologic cross-reactivity and immunologic protection have been documented previously between T. gondii and H. hammondi. 1, 22, 23 The different results obtained with the various Toxoplasma antisera may reflect differing concentrations of antibodies in the respective antisera against various antigenic epitopes, some of which are shared by the bovine protozoan. Toxoplasma gondii antiserum No. 4 was the only antiserum prepared against a killed lysate of T. gondii 4 as opposed to intact parasites. Antigens in this serum may be recognizing internal antigens that were exposed in the tachyzoite lysate, and this might explain the strong reactivity to the calf parasite. Additionally, our immunohistochemistry procedure utilized trypsin digestion, which exposes antigens masked by formalin fixation, and this could explain weak positive reactions (1 + reactions in Table 1 ) that have not been previously reported. 19 Certainly cross-reactivity of polyclonal antisera produced against similar complex organisms such as these apicomplexa would not be unexpected.
Although this bovine organism resembled N. caninum, there were a few morphologic features that have not been reported for N. caninum. Because the reported descriptions of N. caninum bradyzoites in the dog are based on a total of 5 cysts, 4 of which were taken from paraffin-embedded tissues, 29 the added features described here may or may not be common to N. caninum. Some of these findings have been described for other Neospora-like protozoa. First, there were numerous tubulovesicles within the cyst ground substance (Fig. 6) . Similar tubulovesicular structures have been described in protozoa1 cysts from a dog caused by an unknown protozoan. 3 However, the protozoa1 bradyzoites in this dog also had numerous rhoptries, distinct dense bodies, and micropores, 3 none of which were seen in the bovine protozoan. Second, there was an unusual vesicle in the bradyzoites from this bovine parasite that may be unique. These vesicles contained an internal mixture of smaller vesicles and short flat membrane segments (Fig. 6 ). Similar vesicles, described as containing lenticular bodies, were reported in a protozoa1 parasite, isolated from the central nervous system of a lamb, 16 that was later identified as Neospora. 11 Double-membraned vesicles were also present at the anterior end of bradyzoites. In 2 bradyzoites, these vesicles were continuous with the inner pellicular membranes (Fig. 6, inset) .
Aside from protozoa1 encephalomyelitis, the unusual gastrointestinal lesions and cerebellar porencephalic cyst in the calf suggest concurrent fetal infection with a viral agent such as BVDV or BTV. Noncytopathogenic BVDV has been isolated previously from 1 bovine fetus infected with N. caninum-like protozoa. 14 High titers with seroconversion to BVDV were also noted in dairy cows from a herd with multiple protozoal abortions. 2 The presence of such an infection cannot be ruled out in this case. It seems plausible that an underlying viral infection could enhance fetal susceptibility to a protozoa1 infection. Concurrent protozoal and viral infection is not without precedence and is best exemplified by the association between toxoplasmosis and canine distemper virus in the dog. 7 The presence of large tissue cysts and the inflammatory response suggest this calf was infected in utero weeks or months prior to birth. A similar pattern of fetal N. caninum-like infection resulting in chronic congenital disease has been reported in another group of paretic newborn calves. 13, 24 In contrast to these congenital neonatal infections, N. caninum-like fetal infections often result in abortion, primarily between 5 and 7 months gestation, and in these aborted fetuses, only rare small tissue cysts or tachyzoite clusters are found. 14, 28, 32 These variations in the disease pathogenesis may be related to the gestational age at infection, the parasitic infective dose, the virulence of the par-asite, or other insults enhancing the host's suscepti-
